In the mitochondrial genome of the hemichordate Balanoglossus carnosus, the codon AAA, which is assigned to lysine in most metazoans but to asparagine in echinoderms, is absent. Furthermore, the lysine tRNA gene carries an anticodon substitution that renders its gene product unable to decode AAA codons, whereas the asparagine tRNA gene has not changed to encode a tRNA with the ability to recognize AAA codons. Thus, the hemichordate mitochondrial genome can be regarded as an intermediate in the process of reassignment of mitochondrial AAA codons, where most metazoans represent the ancestral situation and the echinoderms the derived situation. This lends support to the codon capture hypothesis. We also show that the reassignment of the AAA codon is associated with a reduction in the relative abundance of lysine residues in mitochondrial proteins.
The genetic code, once thought to be ''universal,'' is now known to vary among several groups of organisms (1) . There exist two hypotheses that attempt to explain how changes in the code come about. First, according to the ''codon capture hypothesis'' (1-4), it would be deleterious for an organism if a codon was assigned to two amino acids (or an amino acid and polypeptide chain termination) simultaneously. Thus, the first step in the change of the genetic code is assumed to be the complete disappearance of a codon from a genome. Subsequently, the tRNA (or release factor) assigned to this codon loses its capacity to recognize it, so that the codon becomes unassigned, and another tRNA acquires this capacity, allowing the codon to reappear at new positions in protein-coding genes. Second, in contrast, the ''ambiguous intermediate hypothesis'' (5, 6) proposes that the reassignment of a codon takes place via an intermediate stage during which the codon is recognized by two tRNAs assigned to different amino acids (or a tRNA and a release factor). This leads to heterogeneity in the encoded proteins that, according to this hypothesis and experimental results (7, 8) , can be tolerated by an organism.
Because a change in the assignment of a codon must occur over relatively long evolutionary periods, it should in principle be possible to find organisms that represent intermediate stages in this process and thus to differentiate between the codon capture and ambiguous intermediate hypotheses. Indeed, unassigned codons have been observed in bacterial and mitochondrial genomes (9) (10) (11) . Most of these cases are associated with a bias in the base composition. However, none of the codons effected are known to change their amino acid assignment in related evolutionary lineages (1) .
The genetic code in echinoderm mitochondria differs from that of other deuterostomes and most other metazoans in that the codon AAA encodes asparagine instead of lysine and the codon AUA isoleucine instead of methionine. We have determined the complete nucleotide sequence of the mitochondrial genome of Balanoglossus carnosus (J.C., G.F., and S.P., unpublished work), a representative of hemichordates, which is the phylum thought to be most closely related to echinoderms (12) . We find that while the codon AUA occurs at positions where isoleucine residues are conserved in metazoans, the codon AAA is completely absent from the B. carnosus mitochondrial genome. This, as well as a substitution in an anticodon position in the tRNA Lys gene, lends strong support to the codon capture hypothesis. Furthermore, we observe that the change in amino acid assignment of the AAA and the AUA codons is associated with a reduction of the relative number of lysine and methionine residues, respectively, in mitochondrial proteins.
METHODS
Complete mitochondrial genome sequences were retrieved from GenBank (13) . For nonmetazoans, only mitochondrial genomes containing at least 12 of the 13 protein coding genes found in most metazoans were used. The general features of the mitochondrial genome of the hemichordate B. carnosus are described elsewhere (J.C., G.F., and S.P., unpublished work). The amino acid sequences of the mitochondrially encoded subunits of cytochrome c oxidase (cox1, cox2, and cox3), NADH dehydrogenase (nad1, nad2, nad3, nad4, nad4l, nad5, and nad6), ATP synthase (atp6), and ubiquinol-cytochrome c oxidoreductase (cyt b) were aligned with the program CLUST-ALW (14) . From every alignment, the conserved regions were selected by a method that allows the definition of a number of pertinent parameters (J.C., unpublished work). In brief, conserved blocks were defined such that: (i) they do not contain more than four contiguous positions where less than 50% of the taxa analyzed have an identical residue, (ii) they are terminated by positions where more than 85% of the taxa have identical residues, and (iii) they have a total length larger than 15 positions. Furthermore, positions with gaps were removed and considered as nonconserved parts of the alignment. The amino acid composition was calculated for the entire sequences of all mitochondrial proteins in a species and, separately, for the conserved and the nonconserved blocks.
to explain the reassignments of such codon (2) . The first step is the disappearance of all AAA codons from the proteincoding genes such that lysine residues become encoded exclusively by the codon AAG. This may occur as a consequence of, for example, mutational pressure favoring the increase of genomic GC content. In a second step, the tRNA Lys changes so that it limits its recognition to the codon AAG. This is expected to occur via a substitution from a T to a C at the first position of the anticodon in the tRNA Lys gene, because a modified U at the first anticodon position recognizes A and G in the third codon position, whereas a C normally recognizes only G (15, 16) . In a third step, tRNA Asn acquires the ability to recognize AAA codons. It is thought that this is achieved in echinoderms by a substitution changing the base preceding the anticodon in the tRNA (position 33) from a U to a C (17) . This may result in a changed anticodon loop structure or chemical modification that allows the GUU anticodon to recognize the codon AAA in addition to AAU and AAC. In the final step, AAA codons reappear in the genome at asparagine positions.
Lysine Codons in the B. carnosus Mitochondrial DNA. When the reading frames of all protein-coding genes in the B. carnosus mitochondrial genome are inspected, no AAA codons are found. At positions where most metazoan mitochondrial proteins carry lysine residues, only the AAG codon is found. This is striking because the AAA codon is more common than the AAG codon in most other metazoan mitochondrial genomes (Table 1) . Table 2 lists amino acid codons that are absent from complete mitochondrial genomes sequenced in metazoans.
Almost all cases involve genomes that have a high AT content (63-85%). The sole exception is the hemichordate mitochondrial genome, where the AT content is 51%. Thus, whereas in most of these cases the absence of codons might be due to AT pressure, the lack of AAA codons in the hemichordate is not due to such pressure, although the original reason for its absence may well be a GC pressure that has since disappeared (4).
In addition to AAA codons, only AGG codons are lacking in the B. carnosus mitochondrial genome. The AGG codon is rare in many mitochondrial genomes and it has been reported to be absent in four insect species (Table 2) . Thus, its absence in hemichordates may not be very surprising. However, because AGG encodes arginine in cnidarians, serine in most invertebrates (platyhelminths, nematodes, arthropods, mollusks, annelids, and echinoderms), and glycine in urochordates, and is assigned to termination in vertebrates, its tendency to be rare as well as absent may be related to its propensity to change its assignment.
FIG. 1. Schematic illustration of the steps predicted for the change of the assignment of the AAA codon from lysine to asparagine by the codon capture hypothesis. Note that the situation after steps 1 and 2 corresponds to the features of the mitochondrial genome of the hemichordate B. carnosus, whereas the features after step 4 correspond to those found in echinoderms. AAT and AAC code for asparagine (N), AAG for lysine (K), and AAA for either lysine or asparagine, as shown in parentheses. (1998) tRNA Genes in the B. carnosus Mitochondrial DNA. The hemichordate gene for tRNA Lys that in most metazoans recognizes AAA and AAG codons is similar to echinoderms in having a C at the first anticodon position rather than a T (Fig.  2) . This probably limits its codon recognition to AAG (15, 16) . It should also be noted that the mitochondrial tRNA Lys gene of some arthropods carries a CTT anticodon, which in that case is thought to translate both AAA and AAG codons (18, 19) . However, because the tRNA Lys gene carries a TTT anticodon in other protostomes (mollusks, annelids, and nematodes), the CTT anticodon sequence is independently derived in arthropods and, therefore, is of no direct relevance to the situation in hemichordates and echinoderms.
The hemichordate tRNA Asn gene is similar to most other metazoans in carrying a T at position 33 rather than a C as in echinoderms (Fig. 2) . Therefore the B. carnosus mitochondrial tRNA Asn is likely to be unable to recognize the AAA codon, which would thus be unassigned.
A Scenario for Codon Reassignments. In the mitochondrial genome of B. carnosus, the first two steps predicted by the codon capture hypothesis for changes of the genetic code have occurred. First, AAA codons are absent from all proteincoding genes and, second, the gene for tRNA Lys is similar to echinoderms in having a C at the first anticodon position (Fig.  2) , thus limiting its recognition to the codon AAG. However, the ''capture'' of the unassigned AAA codon by the tRNA Asn has not taken place in hemichordates because its tRNA Asn gene is similar to other metazoans in carrying a T at position 33, which probably limits its gene product to the decodoing of AAU and AAC codons. The B. carnosus mitochondrial genome can thus be seen as representing an intermediate in the process of reassignment of AAA codons, where vertebrates and other metazoan phyla represent the ancestral situation and echinoderms represent the derived situation. This strongly suggests that the codon capture hypothesis correctly predicts how the reassignment of AAA codons from lysine to asparagine has occurred in echinoderms (1, 2) .
It is likely that the first two steps of the reassignment occurred in a common ancestor of echinoderms and hemichordates (Fig. 3) . Subsequently, the capture of the AAA codon by the tRNA Asn occurred in the echinoderm line, whereas the hemichordate line remained in the stage where no tRNA can recognize AAA codons. If this scenario is correct, the evolutionary line leading to Balanoglossus would have remained devoid of the AAA codon for more than 600 million years (32) . However, the determination of nucleotide sequences from the mitochondrial genomes of other hemichordate and echinoderm taxa are desirable to shed further light on the order in which the disappearance of the AAA codon and the change of codon specificity of the tRNA Lys and tRNA Asn happened.
The reassignment of the AUA codon from methionine to isoleucine probably happened in a common ancestor of echinoderms and hemichordates (Fig. 3) . Furthermore, the absence of the AGG codon from the hemichordate genome could be related to the change of assignment that this codon experienced in vertebrates and urochordates (31) . However, because AGG is a rare codon in many metazoan genomes, it is plausible that its disappearance occurred independently in the ancestral lineages of hemichordates and chordates.
Genetic Code Change and Amino Acid Composition. When the genetic code was still unknown, Sueoka (33) showed that the amino acid composition of proteins is correlated with the GC content of the genomic DNA of an organism. A few years later, when the genetic code had been deciphered, it was found that the number of codons for an amino acid is largely correlated with the relative abundance of the amino acid in proteins, an observation that was adduced by King and Jukes as support of the neutral theory (34) . Therefore, it is of interest to investigate whether a change in the genetic code leads to a change in the relative proportions of the affected amino acids. In fact, when a small set of mitochondrial genomes was analyzed, the reassignment of the AUA codon seemed to affect the content of methionine residues in mitochondrial proteins (35) .
When the amino acid composition of the common set of 12 protein subunits encoded in 30 mitochondrial genomes of plants, fungi, and metazoans are compared, most amino acids are present in similar proportions or exhibit no clear trend among the taxonomic groups. However, lysine shows a decrease in abundance in echinoderms and the hemichordate, and methionine is decreased in non-metazoans, echinoderms and the hemichordate (Fig. 4 A and B) . In both cases, these decreases parallel reductions in the number of codons assigned to the amino acids. As discussed above, lysine is encoded by one rather than two codons in echinoderms and the hemichordate, and these two groups show a reduction in the number of lysines. Methionine has experienced an increase in its number of codons in metazoans after the split from cnidarians, where ATA codons changed their assignment from isoleucine to methionine, and a reversal of this change in echinoderms and hemichordates (Fig. 3) . Tellingly, methionine content shows a parallel increase in most metazoans that is reversed in echinoderms and hemichordates. When the protein alignments are divided into blocks with a high and a low degree of conservation, the reduction of lysine and methionine content is observed in the protein segments that display a low degree (15, (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . Likely changes in the genetic code are shown. In deuterostomes, also putative unassignment of codons related to codon changes are given (Ø). The phylogenetic relationships among deuterostomes is based on 18S RNA sequences (12) . Because the phylogenetic position of Platyhelminthes is uncertain, the change AUA ϭ M may have happened after a putative split of cnidarians and platyhelminths from the other metazoans, thus eliminating the change AUA ϭ I on the line to Platyhelminthes.
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Proc. Natl. Acad. Sci. USA 95 (1998) 3705 of conservation (Fig. 4 C and D) , whereas it is not seen in the conserved protein segments (Fig. 4 E and F) . These observations agree with the expectations of the neutral theory of protein evolution (34, 36) , according to which a significant proportion of amino acids present in a protein should change by random genetic drift and therefore be influenced by the number of codons assigned to the different amino acids. Furthermore, this effect is more apparent in less conserved parts of proteins than in conserved regions, where purifying selection is expected to be more active. However, it should be noted that other amino acids that have experienced changes in their numbers of codons (arginine, asparagine, isoleucine, serine, and tryptophan) do not show concomitant variations in their abundance in proteins. A possible explanation for this is that when a change in the number of codons is to or from one single codon (lysine, methionine, and tryptophan), it may be easier to detect changes in the amino acid content than when the number of codons change between larger numbers (e.g., between two and three) because in the latter case the relative change in codon number is smaller. Moreover, amino acids such as tryptophan, which are highly conserved in proteins, may be less prone to change their abundance due to changes in codon number. Thus, other factors in addition to the numbers of codons encoding the different amino acids must obviously also influence their occurrence in mitochondrial proteins.
CONCLUSIONS
The mitochondrial genome of B. carnosus provides a remarkable fulfillment of the predictions of the codon capture hypothesis for codon reassignment as proposed by Osawa and Jukes (1, 2, 4) . Furthermore, changes in lysine and methionine content in the proteins encoded by the mitochondrial genomes of hemichordate and other organisms upon genetic code changes adhere equally strikingly to the expectations of the neutral theory as outlined by King and Jukes (34) and Kimura (36) .
